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Abstract
Tomato yellow leaf curl virus (TYLCV) is a major devastating viral disease, majorly affecting the tomato production
globally. The disease is majorly transmitted by the Whiteﬂy. The Begomovirus (TYLCV) having a six major protein
coding genes, among them the C1/AC1 is evidently associated with viral replication. Owing to immense role of C1/AC1
gene, the present study is an initial effort to elucidate the factors shaping the codon usage bias and evolutionary pattern
of TYLCV-C1/AC1 gene in ﬁve major Asian countries. Based on publicly available nucleotide sequence data the Codon
usage pattern, Evolutionary and Phylogeographic reconstruction was carried out. The study revealed the presence of
signiﬁcant variation between the codon bias indices in all the selected regions. Implying that the codon usage pattern
indices (eNC, CAI, RCDI, GRAVY, Aromo) are seriously affected by selection and mutational pressure, taking a supremacy in shaping the codon usage bias of viral gene. Further, the tMRCA age was 1853, 1939, 1855, 1944, 1828 for
China, India, Iran, Oman and South Korea, respectively for TYLCV-C1/AC1 gene. The integrated analysis of Codon
usage bias, Evolutionary rate and Phylogeography analysis in viruses signiﬁes the positive role of selection and
mutational pressure among the selected regions for TYLCV (C1/AC1) gene.
Keywords: Tomato yellow leaf curl virus (TYLCV), Tomato, C1/AC1 protein gene, Asian countries, Codon usage bias,
Evolutionary characters, Phylogeography analysis, Positive selection, tMRCA
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1. Introduction

T

omato yellow leaf curl virus (TYLCV) is a
major noxious Begomovirus, which is a prime
threat to the tomato production extensively [1].
Heretofore, TYLCV is one of the major devastating
virus, which has a wide host range yet it's quite
severe in tomato (Solanum lycopersicum), and also
infects other plant hosts such as eggplant (Solanum
melongena), potato (Solanum tuberosum), tobacco
(Nicotiana tabacum), bean (Phaseolus vulgaris), sweet
pepper (Capsicum annuum), chili pepper (Capsicum
chinense) and lisianthus (Eustoma grandiﬂorum) [2].
Tomato is one of major crop grown worldwide, and
TYLCV have alarming impact on its productions.
The classical disease symptoms in tomato are,
chlorotic (yellow) leaf edges, upward leaf cupping,
leaf mottling, reduced leaf size, and ﬂower drop,
early infected plants won't bear fruit and their
growth will be severely stunted, which causes 100%
yield reduction [3,4]. The virus is phloem limited in
its hosts, and its extensively transmitted by sweet
potato whiteﬂy (Bemisia tabaci), in a persistent and
circulate manner [5e9].
The manopartite ssDNA virus TYLCV belong to
the genus Begomovirus of the family Geminiviridae.
with circular genome (2787 nt in size) [10]. TYLCV
has a characteristic twinned morphology [11]. Like
other gemini-viruses, TYLCV capsid (total MW
3,330,000) consists of two joined, incomplete icosahedra, with a T ¼ 1 surface lattice containing a total
of 22 capsomeres, each containing ﬁve units of a 260
amino acid coat protein (CP) of 30.3 kDa [12]. The
TYLCV genome encodes for six open-reading
frames (ORF) that can code for products larger than
10 kDa, with two large genes on the viral strand (V1
and V2), and four on the complementary sense
strand (C1, C2, C3, C4) [13]. V1 encodes for coat
protein (which protect the viral DNA by encapsulation) [10]. V2 encodes pre-coat protein or movement-like protein (which is associated with viral
movement and act has suppressor of RNA silencing)
[4]. C1/AC1 encodes viral replication-associated
protein (Rep-essential for virus replication), C2 encodes for transcriptional activator protein (TrAP- act
as post-transcriptional gene silencing suppressor),
C3 encodes for replication enhancer protein (Renact as virus accumulation enhancer) and C4 encodes
for symptom induction and movement determinant
[2,14]. TYLCV DNA also contains an intergenic region (29 nucleotide-long), stem-loop structure with
the conserved nano-nucleotide TAATATTAC
sequence, which act as cleaving site during
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replication of the viral genome, according to the
rolling circle model [15].
During the gene translation (gene to protein),
several triplet codons are preferentially used over
the other synonymous codons is known as codon
usage bias. Molecular-evolutionary studies imply
that the codon usage bias is ubiquitous across
genome and contributes to genome evolution
caused mainly by mutation pressure and protein
gene expression [16]. The codon usage bias depends
on various factors such as mutational pressure,
natural selection, gene expression level, gene
length, composition bias (G þ C % content and GC
skew), recombination rate, RNA stability, position of
codon in the gene and structure of virus [17]. The
codon usage is also widely inﬂuenced by the hosts
and virus, which has an impact for the viral existence (for immunity, aptness, host resistance, and
evolution). The synonymous codon usage is nonrandom with mutational and natural selection
pressure is a prime factor in deviation from the
equal usage of synonymous codons [18].
Codon usage patterns analysis in viruses can
provide important insights into the virus molecular
evolution, gene expression & its regulations and
protein synthesis [19,20]. Nevertheless, the codon
usage patterns of TYLCV and its hosts, as well as the
association between them, have not been elucidated
so far. Therefore, pinning down the codon usage
bias of TYLCV provides a basic knowledge on
regulation of gene expression and molecular evolution of the virus. Owing to the importance of
TYLCV-C1/AC1 protein in virus replication, the
present study is a primary effort to elucidate the
factors shaping the codon usage bias and evolutionary pattern of TYLCV-C1/AC1 gene in ﬁve
major Asian countries such as China, India, Iran,
Oman and South Korea using available sequence
data.

2. Materials and methods
2.1. Data assembly and sequence editing
The C1/AC1 coding sequences (CDs) of ﬁve major
Asian countries such as China, India, Iran, Oman
and South Korea were collected from the GenBank
database, National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/
nucleotide/). The C1/AC1 coding sequences for all
the ﬁve regions (245, 13, 40, 31 and 30 respectively)
were downloaded in FASTA format and used for
further analysis. The multiple alignment and editing
of sequences were performed using the MEGA-X

108

(Molecular
software.
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2.2. Nucleotide composition
The Nucleotide component parameters of TYLCV
(gene C1/AC1) genomic sequences was analysed by
online software, codonW. The frequency of occurrence of Adenine, Cytosine, Guanine, and Thymine
was obtained from the R software. The frequency of
nucleotide bases at third codon position (A3, C3, G3,
and T3) was obtained from the MEGA-X software.
Additionally, GC frequency at ﬁrst (GC1), second
(GC2) and third (GC3) positions were calculated and
mean frequency of GC contents at the ﬁrst two
codon position (GC12) was calculated with R
software.
2.3. Analysis of codon usage
2.3.1. Relative synonymous codon usage (RSCU)
The codon usage pattern is primly determined by
the relative synonymous codon usage (RSCU)
values. It's determine the bias existing among the
genes and within the genes (varies with their sizes
and composition of codons that encodes a respective
amino acid). RSCU is a ratio of observed frequency
observations to the expected frequency observation
of a speciﬁc amino acid on every codon. The
stronger bias in the codon usage is speciﬁed with
the RSCU estimates. The codon with RSCU
value > 1.0 has positive codon usage bias, and the
value < 1.0 has relative negative codon usage bias.
When RSCU value is equal to 1.0, it means that this
codon is chosen equally and randomly. The RSCU
values of gene C1/AC1 sequences were calculated
using MEGA-X software. The amino acids encoded
by single codon AUG (Met) and UGG (Trp), and the
termination codons UAA, UAG, and UGA were
excluded from the analyses.
2.3.2. Effective Number of Codons (eNC)
The Effective Number of Codons (eNC) value is a
quiet and deﬁnite compute of codon usage bias of a
gene/genome, which reﬂects the codon deviation
from random selection. The major focus of eNC is to
estimate the degrees of departure from the equal
use of synonymous codons of coding regions of C1/
AC1 gene. The eNC values varies between 20 and
60, eNC values varies from 20 to 60. The closer the
value to 21, speciﬁes higher codon bias (amino acids
are encoded by only one synonymous codon); the
closer the value to 60, speciﬁes lower codon bias
(amino acids are encoded by all synonymous codons
equally); higher the values than 60, speciﬁes no

codon bias and high-risk codon bias if the values
lower than 20. Genes, whose codon usage is reliance
on mutation bias, will lie down just below the curve
of the predicted values. The eNC values for C1/AC1
genes were calculated using software codonW.
2.4. Analysis of natural selection and mutation bias
2.4.1. Codon adaptation index (CAI)
The Codon adaptation index (CAI) estimates the
relative adaptiveness of a gene towards C1/AC1 gene
codon usage bias, which varied from 0 to 1. High CAI
value speciﬁes a preferred adaptiveness. The CAI
values for TYLCV (C1/AC1) gene and reference
datasets of synonymous codon usage pattern of the
tomato (S. lycopersicum) were estimated using CAIcal
(http://genomes.urv.es/CAIcal/).
2.4.2. Relative codon de-optimization index analysis
(RCDI)
The Relative codon de-optimization index analysis
(RCDI) is a quantiﬁcation of comparison between
codon usage frequencies of a gene and a reference
genome [21]. If the RCDI value is close to 1, indicates
the codon usage bias of virus is similar to host, which
considered as higher translation rate [22]. The RCDI
values for TYLCV (C1/AC1) gene and reference
datasets of synonymous codon usage pattern of the
tomato (S. lycopersicum) were estimated using CAIcal
(http://genomes.urv.es/CAIcal/).
2.4.3. Relative dinucleotide abundance frequency
The dinucleotide biases generally affect the codon
bias, and its mainly inﬂuenced by the natural selection and mutational pressure [23]. The relative
abundance of dinucleotides in the coding regions of
TYLCV (C1/AC1) genomes was assessed using the
method described by Karlin and Burge [24], it represents a total of 16 dinucleotides composition of
gene C1/AC1. The dinucleotide frequency is a ratio
of,
PXY¼FXY/FX FY
where, FX denotes the frequency of the nucleotide X,
FY denotes the frequency of the nucleotide Y, FX FY
the expected frequency of the dinucleotide XY and
FXY the frequency of the dinucleotide XY, for each
dinucleotide were calculated. As a conservative
criterion, for PXY > 1.23 (or < 0.78), the XY pair is
considered to be of over-represented (or underrepresented) relative abundance compared with a
random association of mononucleotides. However,
dinucleotide abundant frequencies, PXY 1.50 is
assessed as extremely overrepresented, and PXY
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0.50 as underrepresented. The dinucleotide
abundance frequency was calculated in R software.
2.4.4. eNC-plot mapping
eNC-plot (eNC vs G3s) used to estimate the inﬂuence of mutation or selection pressure on codon
bias of a gene, which indicates the relationship between eNC values plotted against GC3 (GC at third
position) values. eNC plot was generated with the
ggplot2 library of R software. The eNC values
recline on or near the standard curve indicates that
the bias is affected by mutational pressure, while the
values recline below the curve indicates inﬂuence of
natural selection in framing the codon usage bias.
2.4.5. Parity rule 2 bias plot
To estimate the compositional bases bias in purines and pyrimidines usage, the Chargaff's second
parity rule (PR2) is used. The relation between the
nucleotide bases purines (A and G) pyrimidine (T
and C) at the third codon position used to plot the
PR2 bias, was plotted as (G3/(G3þC3)) on X-axis
and AT bias (A3/(A3þT3)) on the Y-axis. According
to Chargaff's second parity rule the ratio between
the base compositions i.e. A ¼ T and G ¼ C should
be 1:1, then it is concluded that there is no deviance
between natural selection pressure and mutation
pressure. The PR2 bias plot was generated with library ggplot2 in R software. The PR2 estimates degree of deviation indicates that the bias might be
due to natural selection, mutation pressure, or both.
If the PR2 estimates are found evenly plotted, then
the bias is entirely due to mutation pressure.
2.4.6. Neutrality plot mapping
The neutrality plot analysis determines how two
variables (GC12 and GC3) related, they plotted
against one another (GC12: ordinates & GC3: abscissa) to investigate the mutationeselection equilibrium (dominant factors) in framing the codon
usage bias. The regression coefﬁcient of GC3s is
signiﬁcant or close to 1, indicates the mutation
pressure is the major strength to framing the codon
usage, if the slope is  0 indicates lower mutational
pressure and the natural selections (slope ¼ 0)
playing a role in codon usage bias. The neutrality
plot was generated with R software.
2.4.7. General average hydropathicity (GRAVY) and
aromacity (Aromo)
Biochemical parameters of proteins, i.e., aromaticity and hydropathicity, is contributes to framing
of the codon usage bias. The average of the hydropathicity scores of the amino acids in the coding
sequence is known as General Average
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Hydropathicity Score (GRAVY). Its commonly varies from 2.0 to þ2.0, the hydrophilic proteins
specify the negative values, while the hydrophobic
proteins for positive. The aromatic amino acids
(tryptophan, tyrosine, and phenylalanine) distribution in the proteins, indicated as AROMO values.
The GRAVY and AROMA were estimated using the
software CodonW.
2.5. Correlation analysis
Correlation is carried out to understand the statistical relationship of variables. The relationship
between codon usage bias indices (eNC, CAI, RCDI,
GRAVY, Aromo) of TYLCV (C1/AC1) gene were
estimated by the Spearman's rank correlation
method in all the selected ﬁve major Asian countries
[21].
2.6. Evolutionary analysis
2.6.1. Data sequence and alignment
The nucleotide sequence of TYLCV (C1/AC1)
gene of all ﬁve different Asian countries were
downloaded from NCBI website (nih.gov). A total of
245, 13, 40, 31 and 30 sequences of China, India, Iran,
Oman and South Korea respectively were downloaded in FASTA format and used for further analysis. The multiple sequence alignment and
sequence editing were individually aligned using
the MEGA-X software by incorporating the MUSCLE algorithm.
2.6.2. Evolutionary rate and coalescent analysis
The phylogenetic analysis is prime to understand
the evolutionary tie between the individuals. The
basic criteria of construction of phylogenetic analysis based on the choices of statistical best-ﬁt
models. Accordingly, the phylogenetic models were
selected based on the Akaike Information Criteria
(AIC) and Bayesian Information Criteria (BIC) obtained from the jModelTest2 tool. To build the input
analysis, the BEAUti interface of the BEAST software was used. The four molecular models such as
Relaxed Clock log-normal (RCLN), Relaxed Clock
Exponential (RCE), Strict clock and Random Local
Clock (RLC) were considered along with Coalescent:
Bayesian skyGrid and Coalescent: Extended
Bayesian sky plot trees [25]. To measure the evolutionary rate and time to most recent common
ancestor, an algorithm Markov Chain Monte Carlo
(MCMC) in the Bayesian Analysis by Sampling Tree
(BEAST) was used [26]. The MCMC chain length
was frequently changed until all the constraints had
an effective sample size (ESS) extent value of >200.
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The log ﬁles generated by the BEAST software were
analysed by using the BEAST integrated Tracer tool.
Additionally, phylogenetic tree was constructed by
Bayesian stochastic search variable selection
(BSSVS) by tracking the geographical locations state
[27]. To estimate the most signiﬁcant route
dispersal, the SPREAD software was used [28]. The
visual representation of spatiotemporal diffusion
was generated in Google Earth (https://earth.
google.com) using the Continuous Tree module in
SPREAD software.
2.6.3. Determination of selection pressure or positive
selection
To evaluate the positive selection pressure, the
Datamonkey Adaptive Evolution (DAE) server is
used to eliminate the superﬂuous sequences in a
dataset of evolutionary rate analysis. The selection
pressure is determined mainly by considering the
ratios of non-synonumous (dN) to synonymous (dS)
substitutions. The Fixed-Effects Likelihood (FEL)
was employed for the evaluation of dN, dS, and dN/
dS (u) rate per site of a coding alignment sequences.
Further, the FEL strategy expects that the determination of positive selection for each site is consistent
along the whole phylogeny [29].

3. Results
3.1. The characteristics of synonymous codon usage
in TYLCV (C1/AC1)
To evaluate the inﬂuencing factors of codon usage
bias for the TYLCV (C1/AC1) gene, bellow listed
traits were estimated.
3.1.1. Data assembly and sequence editing of TYLCVC1/AC1
The coding sequences of C1/AC1 gene of ﬁve
different Asian regions such as China (n ¼ 245), India
(n ¼ 13), Iran (n ¼ 40), Oman (n ¼ 31) and South Korea

(n ¼ 30) of TYLCV virus were obtained from the
GenBank database (NCBI). The sequences with homogeneity higher than 99% were eliminated from the
study. The TYLCV (C1/AC1) coding sequences were
multi-aligned, edited, and estimation of nucleotides
were carried out using MEGA-X software.
3.1.2. Nucleotide content and composition analysis of
TYLCV-C1/AC1
The nucleotide composition is the major deciding
factor of codon usage bias pattern [21]. While, the
nucleotide content frequency (A, T, G, C; third position nucleotides A3, T3, G3, C3; G þ C contents
GC, GC1, GC2, GC3) of TYLCV (C1/AC1) gene was
assess to understand the nucleotide composition
impact on codon usage bias. The nucleotide bases
composition of TYLCV (C1/AC1) for all the ﬁve
Asian countries have been calculated and represented in the Table 1 and Figs. 1 and 2.
1. China: A (33.17%), T (24.65%), G (19.41%) and C
(22.78%), nucleotide bases at third codon position A3 (41.96%), C3 (33.78%), G3 (20.16%) and,
T3 (35.30%) and The GC (42.31%), GC1 (47.57%),
GC2 (36.75%), and GC3 (40.87%).
2. India: A (32.69%), T (25.05%), G (19.36%) and C
(22.90%), nucleotide bases at third codon position A3 (40.76%), C3 (32.07%), G3 (20.40%) and,
T3 (37.79%) and The GC (42.33%), GC1 (47.16%),
GC2 (38.17%), and GC3 (39.68%).
3. Iran: A (32.61%), T (24.95%), G (19.49%) and C
(22.95%), nucleotide bases at third codon position A3 (40.89%), C3 (32.21%), G3 (21.36%) and,
T3 (36.31%) and The GC (42.56%), GC1 (47.12%),
GC2 (38.06%), and GC3 (40.61%).
4. Oman: A (31.92%), T (24.46%), G (19.65%) and C
(23.96%), nucleotide bases at third codon position A3 (39.02%), C3 (34.43%), G3 (21.32%) and,
T3 (35.21%) and The GC (43.70%), GC1 (47.10%),
GC2 (39.29%), and GC3 (42.72%).

Table 1. The nucleotide indices of TYLCV (C1/AC1) isolates with mean and standard deviations.
Nucleotides

China

A
T
G
C
A3
T3
G3
C3
GC
GC1
GC2
GC3

33.17%
24.65%
19.41%
22.78%
41.96%
35.30%
20.16%
33.78%
42.31%
47.57%
36.75%
40.87%

India
±
±
±
±
±
±
±
±
±
±
±
±

0.20
0.13
0.15
0.21
0.59
0.31
0.65
0.41
0.26
0.40
0.34
0.48

32.69%
25.05%
19.36%
22.90%
40.76%
37.79%
20.40%
32.07%
42.33%
47.16%
38.17%
39.68%

Iran
±
±
±
±
±
±
±
±
±
±
±
±

0.87
0.43
0.27
0.31
2.54
2.10
1.14
0.80
0.52
0.23
1.34
0.59

32.61%
24.95%
19.49%
22.95%
40.89%
36.31%
21.36%
32.21%
42.56%
47.12%
38.06%
40.61%

Oman
±
±
±
±
±
±
±
±
±
±
±
±

0.54
0.64
0.56
0.66
1.45
1.13
1.66
1.40
0.93
0.60
1.07
1.56

31.92%
24.46%
19.65%
23.96%
39.02%
35.21%
21.32%
34.43%
43.70%
47.10%
39.29%
42.72%

South Korea
±
±
±
±
±
±
±
±
±
±
±
±

0.45
0.22
0.45
0.27
1.81
0.57
1.33
1.01
0.52
0.57
0.39
1.32

33.38%
24.69%
19.21%
22.72%
42.40%
35.74%
19.89%
33.44%
42.05%
47.61%
36.48%
40.31%

±
±
±
±
±
±
±
±
±
±
±
±

0.20
0.09
0.08
0.19
0.79
0.34
0.67
1.00
0.22
0.32
0.82
0.99
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Table 2. The RSCU frequency of TYLCV (C1/AC1) gene of ﬁve major Asian countries. Overrepresented codons (>1.6) are highlighted in light red and
underrepresented codons (<0.6) are in green.
Codon
UUU
UUC
UUA
UUG
CUU
CUC
CUA
CUG
AUU
AUC
AUA
GUU
GUC
GUA
GUG
UCU
UCC
UCA
UCG
CCU
CCC
CCA
CCG
ACU
ACC
ACA
ACG
GCU
GCC
GCA
GCG
UAU
UAC
CAU
CAC
CAA
CAG
AAU
AAC
AAA
AAG
GAU
GAC
GAA
GAG
UGU
UGC
CGU
CGC
CGA
CGG
AGU
AGC
AGA
AGG
GGU
GGC
GGA
GGG

China
0.68
1.32
1.81
0.21
0.81
1.59
1.18
0.39
1.55
0.84
0.62
1.16
1.37
0.71
0.77
1.68
1.12
1.13
0
0.73
0.72
2.18
0.37
0.33
1.65
2.01
0.01
0.73
1.51
1.28
0.47
1.19
0.81
1.6
0.4
1.64
0.36
1.28
0.72
1.07
0.93
0.94
1.06
1.17
0.83
1.19
0.81
0.48
0
0.02
0.92
1.1
0.97
2.3
2.29
0.68
1.06
1.35
0.91

Relative synonymous Codon Usage Frequency
India
Iran
Oman
0.82
0.67
0.79
1.18
1.33
1.21
1.65
1.68
1.59
0.29
0.44
0.4
0.95
0.85
0.99
1.43
1.52
1.68
1.14
1.13
0.93
0.53
0.38
0.41
1.44
1.51
1.43
1.02
0.95
1.07
0.54
0.54
0.5
0.91
1.12
0.99
1.43
1.31
1.83
0.78
0.64
0.67
0.87
0.92
0.52
1.77
1.76
1.46
1.2
1.12
1.31
1.04
1.19
1.24
0.22
0.05
0.09
1.07
1.04
0.92
0.69
0.56
0.9
1.75
1.9
1.55
0.49
0.51
0.63
0.67
0.77
1.15
1.49
1.56
1.59
1.8
1.65
1.22
0.04
0.02
0.04
1.2
0.94
1.04
1.22
1.27
1.38
1.21
1.23
1.2
0.37
0.56
0.38
1.11
1.23
1.35
0.89
0.77
0.65
1.39
1.51
1.46
0.61
0.49
0.54
1.44
1.45
1.27
0.56
0.55
0.73
1.38
1.34
1.33
0.62
0.66
0.67
1.22
1.06
1.26
0.78
0.94
0.74
1.02
1
0.89
0.98
1
1.11
1.21
1.27
1.03
0.79
0.73
0.97
1.08
0.95
0.35
0.92
1.05
1.65
0.35
0.2
0.03
0
0.15
0.03
0.14
0.26
0.13
0.56
0.74
0.75
0.96
0.99
0.98
0.82
0.89
0.92
2.65
2.4
3.04
2.3
2.25
2.03
0.87
0.56
0.49
0.8
0.8
0.5
1.45
1.64
1.81
0.88
1
1.2

South Korea
0.75
1.25
1.79
0.21
0.82
1.55
1.2
0.43
1.57
0.78
0.65
1.17
1.4
0.54
0.88
1.7
1.11
1.15
0
0.76
0.74
2.12
0.37
0.44
1.56
2
0
0.63
1.59
1.23
0.55
1.2
0.8
1.59
0.41
1.72
0.28
1.29
0.71
1.09
0.91
0.96
1.04
1.24
0.76
1.21
0.79
0.56
0.02
0.03
1
0.99
1.05
2.26
2.13
0.69
0.96
1.34
1.01
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Fig. 1. Graphical representation of overall nucleotide composition for gene C1/AC1 of TYLCV virus in ﬁve major countries of Asia. Error bars are
indicative of standard deviation.

5. South Korea: A (33.38%), T (24.69%), G (19.21%)
and C (22.72%), nucleotide bases at third codon
position A3 (42.40%), C3 (33.44%), G3 (19.89%)
and, T3 (35.74%) and The GC (42.05%), GC1
(47.61%), GC2 (36.48%), and GC3 (40.31%).

known as positively biased or high-frequency,
while, RSCU values < 1.0 is known as negatively
biased or low-frequency (Table 3). The overall
RSCU frequencies of TYLCV (C1/AC1) gene are
represented in the Heat map (Fig. 4).
The estimated RSCU values of,

3.1.3. Relative synonymous codon usage (RSCU) of
TYLCV-C1/AC1
To explore the extent of codon usage bias in
TYLCV, all RSCU values of different codon in all the
ﬁve major countries of Asia were calculated. Among
the 64 codons only 59 codons were used to estimate
the RSCU values, the other 5 codons were excluded
because ATG and TGG codes only for a single
amino acid, and TAG, TAA, TGA stop codons that
don't code for any amino acid. Out of 64 codons only
59 codons considered to assess the RSCU values
(ATG and TGG-single amino acid coding codons,
and TAG, TAA, TGA-stop codons were excluded).
The frequency value of synonymous codon is
segregated based on RSCU values ranged from 0.6
(<0.6-underrepresented)
to1.6
(>1.6-overrepresented). The estimated over and underrepresented codons are highlighted light-red and green
colours, respectively. The RSCU values > 1.0 are

1. China: Among the 59 codons, 28 codons were
positively biased and 31 codons were negatively
biased. The 8 over-represented and 12 underrepresented codons were observed. while, the
codons UCG and CGC were having “0” value,
indicates those codons were never used and
CCA (2.18), ACA (2.01), AGA (2.3) and AGG
(2.29) codons were highly over expressed.
2. India: The 28 codons were positively biased and
31 codons were negatively biased. The 6 overrepresented and 12 under-represented codons
were observed. while, the codon CGC was never
used and the codons AGA (2.65) and AGG (2.3)
were highly over expressed.
3. Iran: The 30 codons were positively biased and
29 codons were negatively biased. 7 over-represented and 14 under-represented codons were
observed. while, the codons GAU, GAC, and
GGG having the value of “1” indicates they were
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Fig. 2. Mononucleotide abundance frequencies of TYLCV (C1/AC1) gene for ﬁve major Asian countries.

having no bias and the codons AGA (2.4) and
AGG (2.25) were highly over expressed.
4. Oman: The 28 codons were positively biased and
31 codons were negatively biased. 6 over-represented and 14 under-represented codons were
observed. while, the codons AGA (3.04) and
AGG (2.03) were highly over expressed.
5. South Korea: The 29 codons were positively
biased and 30 codons were negatively biased. 7
over-represented and 13 under-represented codons were observed. while, the codons UCG and
ACG were having “0” value that indicates those
codons were never used, codon CGG having the
value of “1” indicates that was having no bias
and the codons CCA (2.12) and ACA (2.0) were
highly over expressed.
3.1.4. Effective Number of Codons (eNC)
The extent of codon usage bias is measured by the
effective Number of Codons (eNC). eNC value is
calculated for all the ﬁve countries for the TYLCV
(C1/AC1) gene. The eNC values observed for China,
India, Iran, Oman, and South Korea was ranged as

51.62e57.13
51.12e56.55
49.35e56.75
50.36e55.03
52.54e54.77

(SD ± 0.56) with mean of 53.21,
(SD ± 1.62) with mean of 53.79,
(SD ± 2.08) with mean of 53.60,
(SD ± 1.15) with mean of 52.51 and
(SD ± 0.77) with mean of 53.66.

Table 3. Relative dinucleotide abundance frequencies of gene across the
regions.
Dinucleotides

China

India

Iran

Oman

South Korea

AA
AC
AG
AT
CA
CC
CG
CT
GA
GC
GG
GT
TA
TC
TG
TT

1.07
0.71
1.17
1.02
1.19
1.20
0.62
0.87
1.00
0.96
1.39
0.74
0.73
1.25
0.82
1.29

1.10
0.80
1.11
0.96
1.18
1.10
0.62
0.98
0.95
0.97
1.32
0.82
0.74
1.20
0.96
1.20

1.13
0.72
1.13
0.97
1.08
1.20
0.69
0.94
1.00
0.98
1.36
0.76
0.75
1.24
0.81
1.28

1.12
0.65
1.16
1.05
1.17
1.12
0.61
0.96
1.01
1.02
1.37
0.69
0.65
1.32
0.88
1.24

1.09
0.70
1.16
1.02
1.15
1.24
0.63
0.87
1.02
0.91
1.35
0.79
0.72
1.26
0.85
1.26
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3.2. Analysis of natural selection and mutation bias
To determine the inﬂuencing factors for mutational pressure or selection pressure among ﬁve
different countries for TYLCV (C1/AC1) gene, bellow listed traits were estimated.
3.2.1. Relative abundance of dinucleotides frequencies
of TYLCV-C1/AC1
The relative abundance of 16 dinucleotides frequencies of gene C1/AC1 was estimated for all ﬁve
countries are represented in Table 2 and Fig. 3. All
the ﬁve regions showed the signiﬁcant variations in
the 16 dinucleotide frequencies. Generally, the dinucleotides frequencies ranges between 0.78 (underrepresented) and 1.23 (overrepresented).
1. China: Out of 16 dinucleotides bases, three dinucleotides GG (1.39), TC (1.25) and TT (1.29)
were overrepresented i.e > 1.23. And, four dinucleotides, AC (0.71), CG (0.62), GT (0.74) and
TA (0.73) were underrepresented i.e < 0.78.
2. India: The dinucleotide, GG (1.32) was overrepresented and two dinucleotides CG (0.62) and
TA (0.74) were underrepresented.
3. Iran: Three dinucleotides, GG (1.36), TC (1.24)
and TT (1.28) were overrepresented, and four
dinucleotides, AC (0.72), CG (0.69), GT (0.76) and
TA (0.75) were underrepresented.
4. Oman: Three dinucleotides, GG (1.37), TC (1.32)
and TT (1.24) were overrepresented, and four
dinucleotides, and four dinucleotides, AC (0.65),

CG (0.61), GT (0.69) and TA (0.65) were
underrepresented.
5. South Korea: Four dinucleotides, CC (1.24), GG
(1.35), TC (1.26) and TT (1.26) were overrepresented, and four dinucleotides, and four
dinucleotides, AC (0.70), CG (0.63), GT (0.79) and
TA (0.72) were underrepresented.
3.2.2. Effective Number of Codons (eNC) plot
Effective Number of Codons (eNC) values of all
the ﬁve selected regions were plotted in a single
frame to understand the synonymous codon usage
pattern, which majorly affected by the selection or
mutational pressure. Figure 5, wherein the eNC
values at ordinate and GC3 values at abscissa was
plotted along with the standard curve to obtain the
role of mutational pressure in framing the codon
usage bias. Each different colour speciﬁes the
different regions/countries selected.
3.2.3. Parity rule 2 bias plot
The relationship of pyrimidines (C & T) and purine (A & G) bias at third codon position was indicated in PR2 bias plot. There is no bias in selection
and mutation pressure if all the plot values lie on
the center, where both ordinate and abscissa meet
are 0.5. PR2 signiﬁes the direction and degree of
codon bias. The PR2 plot constructed by plotting
the G3/(G3þC3) on X-axis and A3/(A3þT3) on Yaxis for TYLCV (C1/AC1) gene of each selected ﬁve
countries. The average value of GC and AT for
China (0.34 and 0.54), India (0.38 and 0.51), Iran

Fig. 3. Dinucleotide abundance frequencies of TYLCV (C1/AC1) gene for ﬁve major Asian countries.
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Fig. 4. The overall RSCU frequencies of TYLCV (C1/AC1) gene presented in the Heat map. The red and blue indicates the over and under representations respectively.

(0.39 and 0.53), Oman (0.38 and 0.52), South Korea
(0.37 and 0.54) was observed. Here, in all the ﬁve
regions, domination of AT over the GC was
observed and also, the values indicate that the purines and pyrimidines are equally preferred in
codon usage bias. The PR2 bias plot speciﬁes that
all the ﬁve regions were situated away from the
origin, suggest that the occurrence of bias at the
third position of AT and GC for framing the TYLCV
(C1/AC1) codons. Consequently, the plot indicating
the natural selection over the mutational pressure
(Fig. 6).

3.2.4. Neutrality plot
The neutrality plot determines the relationship
between GC12 (mean of GC1 and GC2) and GC3 of
TYLCV (C1/AC1) gene, clariﬁes the dimensions of
natural selection and mutational pressure impact
over framing the codon usage pattern. The
neutrality plot was obtained with plotting GC3
against GC12, the slope of the regression line indicates the evolutionary rate of natural selection and
mutational pressure, which considered as
selectionemutational equilibrium coefﬁcient. The
neutrality plot analysis in the study resulted as.
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Fig. 5. The ENC-GC3 plot analysis of all the ﬁve major countries for TYLCV (C1/AC1) gene. Indicating the bias inﬂuenced by the GC3, that affecting
the codon usage pattern.

Fig. 6. The Parity rule (PR2) plot of all the ﬁve major countries. Indicating the AT and GC bias at the third codon position that affects the codon usage
bias in TYLCV (C1/AC1) gene.

1. China: Negative regression line and negative
signiﬁcant R-value with y ¼ 0.465e0.106,
R2 ¼ 0.02, with comparative neutrality was
indicating 2.0% mutation pressure (minor factor)
and 98% comparative constraint indicating natural selection (dominant factor).
2. India: Negative regression line and negative
signiﬁcant R-value with y ¼ 0.429e0.0061,
R2 < 0.01, with comparative neutrality was
indicating <1.0% mutation pressure (minor factor) and 99% comparative constraint indicating
natural selection (dominant factor).
3. Iran: Positive regression line and positive
signiﬁcant R-value with y ¼ 0.305 þ 0.297, R2 ¼
0.54, with comparative neutrality was indicating
54% mutation pressure (minor factor) and 46%
comparative constraint indicating natural selection (dominant factor).

4. Oman: Positive regression line and positive signiﬁcant R-value with y ¼ 0.397 þ 0.082, R2 ¼ 0.19,
with comparative neutrality was indicating 19%
mutation pressure (minor factor) and 81%
comparative constraint indicating natural selection (dominant factor).
5. South Korea: Negative regression line and
negative signiﬁcant R-value with y ¼ 0.608e
0.466, R2 ¼ 0.69, with comparative neutrality was
indicating 69% mutation pressure (minor factor)
and 31% comparative constraint indicating natural selection (dominant factor).
In all the regions obtained results indicated that
natural selection is assertive over mutation pressure
and has greater effect on the codon usage of TYLCV
(C1/AC1) (Fig. 7).
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Fig. 7. Neutrality regression plot of TYLCV (C1/AC1) gene indicating the correlation between GC12 and GC3 for codon usage bias.

3.2.5. General average hydropathicity (GRAVY) and
aromacity (Aromo)
The general average hydropathicity (GRAVY) and
aromacity (Aromo) is determined for TYLCV (C1/
AC1) gene of all the ﬁve selected Asian regions.

TYLCV (C1/AC1) gene and aromacity ranged
between 0.08 and 0.117 with mean of 0.114
indicating signiﬁcant positive AROMA of
TYLCV (C1/AC1) gene.
3.3. Correlation analysis

1. China: The negative signiﬁcant value of GRAVY
ranged between 0.63 and 0.49 with mean of
0.60 indicating hydrophilic nature of TYLCV
(C1/AC1) gene and aromacity ranged between
0.09 and 0.117 with mean of 0.114 indicating
signiﬁcant positive AROMA of TYLCV (C1/AC1)
gene.
2. India: The negative signiﬁcant value of GRAVY
ranged between 0.64 and 0.59 with mean of
0.623 indicating hydrophilic nature of TYLCV
(C1/AC1) gene and aromacity ranged between
0.10 and 0.11 with mean of 0.110 indicating significant positive AROMA of TYLCV (C1/AC1) gene.
3. Iran: The negative signiﬁcant value of GRAVY
ranged between 0.711 and 0.45 with mean of
0.61 indicating hydrophilic nature of TYLCV
(C1/AC1) gene and aromacity ranged between
0.104 and 0.121 with mean of 0.113 indicating
signiﬁcant positive AROMA of TYLCV (C1/AC1)
gene.
4. Oman: The negative signiﬁcant value of GRAVY
ranged between 0.67 and 0.54 with mean of
0.60 indicating hydrophilic nature of TYLCV
(C1/AC1) gene and aromacity ranged between
0.09 and 0.11 with mean of 0.107 indicating signiﬁcant positive AROMA of TYLCV (C1/AC1)
gene.
5. South Korea: The negative signiﬁcant value of
GRAVY ranged between 0.66 and 0.58 with
mean of 0.611 indicating hydrophilic nature of

Correlation coefﬁcients are indicators of the
strength of the linear relationship between two
different variables. The values ranges between 1
and þ1 and quantiﬁes the direction and strength of
the linear association between the two variables.
The correlation between two variables can be positive (greater than zero) or negative (less than zero).
The spearman correlation analysis in ﬁve major
Asian Countries are represented in Table 4.
1. China: The negative signiﬁcant values were
observed between eNC-CAI, RCDI-CAI, eNCRCDI and GRAVY-RCDI. The negative nonsigniﬁcant were observed between eNC-Aromo
and Aromo-RCDI. The positive signiﬁcant
observed between Aromo-CAI and eNCGRAVY. The positive non-signiﬁcant were
observed between GRAVY-CAI and GRAVYAromo.
2. India: The negative signiﬁcant values were
observed between eNC-Aromo and eNC-RCDI.
The negative non-signiﬁcant were observed between GRAVY-CAI, Aromo-CAI, RCDI-CAI and
eNC-GRAVY. The positive signiﬁcant observed
between RCDI-Aromo. The positive non-significant were observed between eNC-CAI,
GRAVY-Aromo, GRAVY-RCDI.
3. Iran: The negative signiﬁcant values were
observed between RCDI-CAI, eNC-RACDI,
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Table 4. The spearman correlation analysis in ﬁve regions.
China

CAI

ENC

Gravy

Aromo

CAI
ENC
Gravy
Aromo
RCDI

-0.36****
0.03
0.20**
-0.19**

0.15*
-0.04
-0.64****

0.05
-0.31****

-0.11

India

CAI

ENC

Gravy

Aromo

CAI
ENC
Gravy
Aromo
RCDI

0.04
-0.42
-0.32
-0.34

-0.33
-0.80**
-0.89****

0.38
0.38

0.81***

Iran

CAI

ENC

Gravy

Aromo

CAI
ENC
Gravy
Aromo
RCDI

0.23
0.1
0.58****
-0.48**

0.56***
0.42**
-0.80****

0.51***
-0.47**

-0.32*

Oman

CAI

ENC

Gravy

Aromo

CAI
ENC
Gravy
Aromo
RCDI

-0.23
-0.27
-0.33
-0.64***

-0.43*
0.42*
-0.43*

-0.42*
0.28

0.08

South Korea

CAI

Nc

Gravy

Aromo

CAI
ENC
Gravy
Aromo
RCDI

0.36
-0.49**
-0.13
-0.72****

-0.43*
0.3
-0.79****

0.37*
0.37*

-0.18

5. South Korea: The negative signiﬁcant values
were observed between GRAVY-CAI, RACDICAI, eNC-GRAVY and eNC-RCDI. The negative
non-signiﬁcant were observed between AromoCAI and RCDI-Aromo. The positive signiﬁcant
observed between GRAVY-Aromo and GRAVYRCDI. The positive non-signiﬁcant were
observed between eNC-CAI and Aromo-eNC.
3.4. Evolutionary characteristic analysis

****p-value: <0.0001, ***p-value: <0.001 **p-value: < 0.01
*p-value: < 0.05.

GRAVY-RACDI and RCDI-Aromo. The positive
signiﬁcant observed between Aromo-CAI, eNCGRAVY, eNC-Aromo and GRAVY-Aromo. The
positive non-signiﬁcant were observed between
eNC-CAI and GRAVY-CAI.
4. Oman: The negative signiﬁcant values were
observed between RCDI-CAI, eNC-GRAVY,
eNC-RCDI and GRAVY-Aromo. The negative
non-signiﬁcant were observed between eNCCAI, GRAVY-CAI and Aromo-CAI. The positive
signiﬁcant observed between eNC-Aromo. The
positive non-signiﬁcant were observed between
RCDI-GRAVY and RCDI-Aromo.

3.4.1. Data sequence and alignment
The nucleotide sequence data of TYLCV (C1/AC1)
gene from ﬁve different Asian countries were
downloaded from the NCBI database (https://www.
ncbi.nlm.nih.gov) to analyse the evolutionary characteristics. The nucleotide sequence of China (245),
India (13), Iran (40), Oman (31) and South Korea (30)
were aligned and edited by MEGA-X software.
3.4.2. Evolutionary rate analysis
The evolutionary rate and time analysis speciﬁes
the signiﬁcant changes in evolutionary rate over the
period in samples. The complete coding sequence of
TYLCV (C1/AC1) gene for ﬁve different Asian
countries were used to evaluate the time of Most
Recent Common Ancestor (tMRCA) and substitution rate (s/s/y) using the Bayesian-based coalescent
method. The DNA substitution model selection was
done using the jModelTest2 tool, as a preliminary
criterion. The best ﬁt substitution model is gleaned
from Akaike Information Criteria (AIC) and
Bayesian Information Criteria (BIC) score obtained
from the jModelTest2 tool. The GRT þ G þ I was the
observed best ﬁt substitution model for both China
and Oman, HKY þ I was observed for both India
and South Korea, and HKY þ G for Iran. Using the
BEAUti tool, the required parameters and priors,
MCMC chain length, clock rate was speciﬁed and
XML format ﬁles were generated. The BEAST were
performed using the generated XML ﬁles and tree
ﬁles (.trees) and logarithmic (.log) ﬁles were obtained. The evaluated evolutionary rate and tMRCA
are presented in the Table 5.
To each dataset, the MCMC chain cycle 1e10
million generation were run to accomplish

Table 5. Estimation of evolutionary and tMRCA of TYLCV using Datamonkey server.
Region

Substitution rate mean

China
India
Iran
Oman
South Korea

4.19
2.68
8.04
1.90
1.18







103
104
104
104
105

95% Higher posterior density (HPD)
Lower
3.03
3.07
2.60
1.48
1.67







103
1010
104
107
1014

Upper
5.075  103
8.83  104
1.32  103
3.91  104
6.08  105
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Fig. 8. The phylogenetic tree of selected countries for TYLCV (C1/AC1) gene. A- China, B- India, C- Iran, D- Oman and E South Korea. Each tree
nodes indicates the tMRCA in years.

prominent concurrence of statistical parameters.
The 95% HPD (Highest Posterior Density) interlude
of the divergence parameter for tMRCA was obtained from the tMRCA/tree height, and the

substitution rate was obtained from the mean rate/
clock rate. The log ﬁles were generated from BEAST
and the Tracer tool was used to visualize the achieved statistical scores.
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The evolutionary rate for the different Asian
countries- China, India, Iran, Oman and South
Korea for the TYLCV (C1/AC1) gene are 4.19  103,
2.68  104, 8.04  104, 1.90  104 and 1.18  105
respectively. The recorded tMRCA ages for China1853 year with 95% HPD (lowest 3.03  103,
Highest 5.075  103), India- 1939 year with 95%
HPD (lowest 3.07  1010, Highest 8.83  104), Iran1855 years with 95% HPD (lowest 2.60  104,
Highest 1.32  103), Oman- 1944 year with 95%
HPD (lowest 1.48  107, Highest 3.91  104), and
South Korea- 1828 year with 95% HPD (lowest
1.67  1014, Highest 6.08  105) Table 5. The high
evolutionary rate was observed in South Korea (188
years with higher tMRAC rate of 1.18  105) for
TYLCV (C1/AC1) gene, indicating that the TYLCV
(C1/AC1) gene evolving faster rate in South Korea
compare to other regions.
For spatial diffusion visualization, map had variation in the colours to metamorphose between
migration path (High and Low) of virus that had
spread across Asian countries. The concentric circles
in the map speciﬁes the proportional to the number
of isolates spread from the speciﬁc region and
conversely for the recently transmitted isolates
(Figs. 8 and 10).

3.4.3. Selection pressure analysis
Selection pressure was determined from the
Datamonkey server using the FEL algorithm. The
selection pressure results indicate that the China
having three positive sites (6, 334, 348) and ninety
negative sites were observed. In India one positive
(110) and ninety-three negative sites, in Iran twenty
positive (54, 77, 79, 82, 122, 154, 171, 174, 175, 181,
197, 223, 250, 256, 257, 288, 289, 301, 319, 320) and
nineteen negative sites, in Oman three positive (206,
212, 285) and twenty-two negative sites, and in
South Korea zero positive sites and thirteen negative sites were observed. The overall dN/dS (u) rate
ratio varied as 0.323, 0.216, 0.923, 0.776, and 0.289 for
China, India, Iran, Oman, and South Korea respectively (Table 6 and Fig. 9).

4. Discussion
The codon usage bias analysis provides the
adequate knowledge on genetic features and molecular evolution of the organisms. The major
shaping factors for codon usage bias are gene
length, nucleotide composition, selection and
mutational pressure [30e33]. The TYLCV is an
emerging complex virus, causing a prominent

Fig. 9. The dN/dS (u) rate ratio of TYLCV (C1/AC1) gene in all the selected major Asian countries. A- China, B- India, C- Iran, D- Oman and E
South Korea.
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Fig. 10. The phylogeography of the TYLCV (C1/AC1) genes obtained from the tree. The plot indicates the estimate of special demography with a
maximum radius of the circle has maximum isolates and the light coloured lines showing recent transitions of the disease. A- China, B- India, C- Iran,
D- Oman and E South Korea.

Table 6. The selection pressure analysis using the FEL method.
Regions

Positively
diversifying
site

Negatively
diversifying
site

dN/Ds (u)
substitution
ratio

China
India
Iran
Oman
South Korea

3
1
20
3
No evidence

90
93
19
22
13

0.323
0.216
0.923
0.776
0.323

economic loss in tomato production [34]. The present study we focused on TYLCV (C1/AC1) gene of
ﬁve Asian countries to observe the variation of
pattern and factors inﬂuencing the codon usage
bias. Chen et al. [35], observed that the codon usage
evolution of virus evolves at different periods.
Hence, recognizing this codon usage pattern would
be a way to elucidate the phylogenetic relationship
and by enhancing the codons that helps in target
gene expression. The codon usage bias analysis
mainly carried out by the RSCU, eNC, neutrality
plot, parity rule plot analysis etc.
The present study, observed that the tomato
TYLCV (C1/AC1) gene favour using codon ending
with A or T more frequently over G or C because,
the dicot genomes have low GC-content and prefers the A/T ending codons usually. The results
concur with the studies on dicot genome such as,
Anwar et al. [36]; Wang et al. [37]; Sablok et al. [38];
Kawabe and Miyashita [39]; Murray et al. [40] and

Camiolo et al. [41] observed that the signiﬁcant
over-representation of codons ending with A/T in
dicot than in monocot species. The results indicated
the abundance of A nucleotide frequency and third
position A frequency were high in all the regions.
The GC analysis showed that the higher frequency
of GC content and South Korea had high GC1 frequency (47.61%), Oman had high GC2 (39.29%) and
GC3 (42.72%) frequencies. Whereas, the dinucleotides abundancy analysis revealed that the
variation among the ﬁve regions and relatively
large abundance in South Korea region for TYLCV
(C1/AC1) gene. To determine the optimal codons
for TYLCV (C1/AC1) gene, RSCU analysis was
performed. The study revealed, A/T codon endings
were favourably preferred than expected (over
represented) due to high degree of uniformity
among the selected regions having high codon
usage bias and G/C codon endings were underrepresented with lower codon usage [25]. The
observed nucleotide compositional frequencies
varying among the regions indicating they are
biased and contributing to shaping the codon usage
pattern of TYLCV (C1/AC1) gene [42].
The eNC indicates the overall codon usage bias,
the Indian region showing the higher eNC value of
each ﬁve region varies as China (53.21 ± 0.56) India
(53.79 ± 1.6), Iran (53.60 ± 2.08), Oman (52.51 ± 1.15)
and South Korea (53.66 ± 0.77) for TYLCV (C1/AC1)
gene indicates lower the eNC value higher the gene
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expression. the codon usage bias is due to the
random codon preferences mainly affected by the
mutational pressure. The low codon usage bias
could be beneﬁcial for effective replication with
more selection possibilities [43]. Since, eNC value
ranged as 49.35e57.13, indicates moderate level of
codon bias. The study suggests that the codon usage
bias facilitates the TYLCV (C1/AC1) gene replication
and transcription. In addition, the eNC plotting was
carried against GC3 content to know the extent
motional pressure (GC3) inﬂuence for codon usage
bias. The eNC plot observed that the eNC values
were below the expected eNC curve in all the regions, indicating the selection pressure is the
driving force for codon usage bias over mutational
pressure for TYLCV (C1/AC1) gene [44].
To determine the dimensions of mutational and
sectional pressure in relation to GC3 and GC12 on
codon usage bias neutrality plot was analysed. The
regression coefﬁcient value < 0.5 indicates natural
selection while, >0.5 is indicated as mutational
pressure known as mutationaleselection equilibrium [45]. The results revealed that selection pressure is a driving force in China (98%), India (99%)
and Oman (81%) and Iran (54%) and South Korea
(69%) experiencing the mutational pressure. The
mutation in viral genome is due to errors in the
replication process and high mutational rate is
proportional to the population size, thus, this
mutational variation can lead to the wide genetic
diversities [46].
To quantify the selection and mutational pressure
over purines and pyrimidines choices in codon
usage bias, the parity rule-2 analysis was carried
out. The PR2 value of all the ﬁve Asian countries
revealed, that the domination of AT over the GC,
indicated that the purines and pyrimidines are
equally preferred in codon usage bias. The PR2 bias
plot indicates that all the regions were pointed away
from the origin, suggesting that the occurrence of
bias at the third position of AT and GC for framing
the TYLCV (C1/AC1) genes. The asymmetry between purines and pyrimidines indicates selection,
mutation and other factors such as gene expression,
gene length etc. were the shaping factors of codon
usage bias [47].
To elucidate the factors inﬂuencing physical
properties of amino acids such as hydropathicity
(GRAVY) and aromacity (Aromo) were determined
in all the ﬁve countries. The GRAVY and Aromo are
indicative of consequences of section and translational pressures [34]. The study resulted that the
hydropathicity is negatively and aromacity is positively signiﬁcant among the ﬁve regions. The study
indicates that GRAVY and Aromo are contributing

to the physical properties of amino acids, which lead
the way to shaping the codon usage bias.
To know the relationship between codon frequencies of a TYLCV (C1/AC1) gene with respect to
codon usage bias indices, the correlation was analysed between eNC, CAI, RCDI, GRAVY, Aromo of
each ﬁve countries. The study resulted that there
was signiﬁcant variation between the codon bias
indices in all the selected regions. Which, imply that
the codon usage pattern of TYLCV (C1/AC1) gene is
seriously affected by eNC, CAI, RCDI, GRAVY,
Aromo parameters. Hence, the selection and mutational pressure, other factors including geographic
origin and translational selection taking a positive
role in shaping the codon usage bias of viral gene
[21e23,35,36].
After the codon usage pattern is observed, the
evolutionary analysis (tMRCA) of TYLCV (C1/AC1)
gene was calculated in selected ﬁve major Asian
countries using the BEAST software. Based on the
AIC/BIC scores of TYLCV (C1/AC1) gene, the best
ﬁt model for each region were determined using the
jModelTest tool [23]. The results speciﬁed the substitutional model GRT þ G þ I has the lowest AIC/
BIC value for China and Oman, HKY þ I for India
and South Korea, and HKY þ G for Iran. The best ﬁt
models were selected with clock type and prior tree.
The strict clock and random local clock were used
with coalescent: Bayesian sky grid and coalescent:
Extended Bayesian sky line plot prior trees. Sky grid
method is well suited starting point among all the
nonparametric coalescent-based models. Which is
ﬂexible that allows multiple loci and the changes
occurs at the speciﬁed points in real-time [37].
However, the skyline method extracts information
about past population genetics in the nonparametric
method. Which splits the time between the root of
the tree (tMRCA) and present into section, and estimates the diverse, effective population for each
section [38].
The quantiﬁcation of selection pressure reveals
the evolutionary pattern of genetic loci that undergone speciﬁc adaptation. Which also a major
evolutionary biological concept. Several statistical
algorithms have been developed to estimate the
selection pressure that measure the evolutionary
pressure on protein coding sites. dN/dS is the most
commonly used statistical approach for quantifying
the selection pressure (Positive selection pressure)
[39]. This method identiﬁes the selection pressure
by comparing the rate of the substitution at a silent
site (dS) against non-silent sites (dN). Which is
interpreted as negative selection (dN/dS or u < 1),
neutral (dN/dS or u ¼ 1), and positive selection (dN/
dS or u > 1) [39]. Based on this we identiﬁed the

INTERNATIONAL JOURNAL OF HEALTH AND ALLIED SCIENCES 2022;11:106e124

single positive selection site in India, three positive
selection site in China and Oman, twenty sites in
Iran and zero positive sites in South Korea for
TYLCV (C1/AC1) gene. These suggest the inﬂuence
of codon sites in the evolutionary process. The high
negative selection indicates the elimination of
deleterious variations from the populations while
maintaining the function of transcription and
replication of the TYLCV (C1/AC1) genome.

5. Conclusion
TYLCV is a major devastating viral threat to tomato
production worldwide, causing a major yield loss.
The TYLCV (C1/AC1) protein gene plays a vital role
in viral replication. The present study is an initial
effort to present a vision on codon usage pattern of
TYLCV (C1/AC1) protein gene representing ﬁve
major Asian Countries (China, India, Iran, Oman and
South Korea) and signiﬁcant difference was found
amongst the gene sequences of different geographical regions. The selection and mutational pressure
including geographic origin and translational selection taking a beneﬁcial impact in shaping the codon
usage bias of viral gene. The results from this study
will assist to analyse the phylogenetic and evolutionary pattern of TYLCV gene. Having a comprehensive understanding of TYLCV codon usage and
molecular evolutionary pattern is necessary for
developing the strategies to understand the epidemiology and in turn help in prevention and control of
the disease in tomato production.
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